Investigations by Moyer (1936b) , Joffe and Mudd (1934) , Stearns and Roepke (1941) , and others have shown striking differences in electrophoretic mobility between the variant cells of (certain species of bacteria, especially betwveen mutants differing in antigenic characteristics and colonial morphology. Therefore it seemed that at least for some species it should be possible to develop an electrophoretic method for assaying the degree of heterogeneity within populations containing variants. One method commonly employed to detect variants differing in antigenicity, virulence, colony morphology, and other associated characteristics (Braun, 1947) consists of streaking cell suspensions on plates containing transparent agar medium and subsequently inispecting colonial morphology with the help of obliquely tranismitted light (Eigelsbach et al., 1951) . The percentage of each variant type can then be estimated by counting the frequency of a given colonial type among at least 100 colonies inspected. The hope of being able to secure by the electrophoretic method the advantage of a rapid assay, in contrast to the delay inherent in the method based upon plating and inspection of colonial types, led us to the investigation reported here.
The first series of experiments was desigined not only to compare the electrophoretic method with the plating method described above, but also to provide ani estimate of the consistency of measurement of each of these methods. The measurements were made on mixtures containing a substantial fraction (at least 20 per cent) of the minor component of a pair of variants. The organisms used were Pasteurella tularensis (Bacterium tularense), strain 38, variants 38 SI (smooth) and 38 NS, (nonsmooth) (Eigelsbach et at., 1951) . Neither strain produces clumps in liquid culture.
The second series was designed to compare the two methods when the minor fraction comprised 1 to 20 per cent of the mixture, and to determine thus whether the appearance and subsequent establishment of the nonsmooth variant in an initially smooth broth culture might be followed by the electrophoretic method. It was done with P. tutarensis variants isolated from the Schu strain, namely Schu S3 (smooth) and Schu NS3 (nonsmooth). The latter has a pronounced tendency to clump in saline or broth (Eigelsbach et al., 1951 Svedberg and Pedersen (1940) . It is most important for the investigator to devise a scheme for random selection of organisms, for the attention will be attracted to those of higher velocity. The average excursion time can be computed for each group from these data.
(D) At least three different techniques are available for this case: (1) That suggested in the preceding paragraph. This is time-consuming and is recommended only when consistent results are not obtained by either of the other two methods. (2) It may be possible to arrange experimental conditions in such a way that one variant remains motionless while the other has a low velocity. The concentration of the suspension should be adjusted so that the field viewed contains about twenty organisms. The number of organisms is counted, the electric field is applied, and the number which move is noted. The procedure is repeated with a new field until sufficient data are collected. This method has the advantage of directness, as the observed fractions are the true fractions F, and F2. (3) Since the gap between the two distribution curves is such that the eye can instantly decide to which of the two groups a particular particle belongs, the apparent fractions can be measured by counting all the particles which cross a selected reference line in the eyepiece reticle, at the same time noting those of a particular type. It is desirable to record the number of cells of one type in every total count of 50 or 100 as a check on the consistency of the count. It is also necessary to measure the excursion times of a group of cells of each type selected at random, so that equation (2) can be used to compute the true fractions of the two types of cell.
If the purpose of the measurement is an accurate assay of a population containing an appreciable fraction of a variant cell type, it is desirable for the ratio i,/D2 to be close to unity. If the problem is only to detect a variant comprising a very small fraction of the population (less than 1 per cent), it is desirable that the velocities of the variant cells be large compared to those of the other particles.
The following remarks on the theory of the microscope method show how this condition can be satisfied by appropriate adjustment of the experimental arrangement. The observed velocity of a particle in the electrophoresis chamber is the sum of the electrophoretic velocity (velocity of the particle with respect to the liquid) and the electroosmotic velocity (velocity of the liquid with respect to the walls of the electrophoresis chamber.) For a given field strength, the former is constant throughout the cell, but the latter varies both in magnitude and direction with the distance from the walls of the chamber. Further, the ratio of the electrophoretic velocity to the electroosmotic velocity at a given distance from the wall varies with the field strength. Thus the observer has considerable control over the ratio of velocities vI/V2. By selecting a suitable field strength and making the observations at a carefully chosen "level" in the electrophoresis chamber it is sometimes possible to ensure that the ratio becomes negative. In this case the direction of motion of the variant cells is the opposite of that of the predominant type, and accurate counting is much easier.2
EXPERIMENTAL METHODS Sample Preparation and Plate Assay in Series 1
For this series P. tularensis variants 38 SI (smooth) and 38 NS1 (nonsmooth) were used. The cultures were prepared by inoculation of 60 ml peptone cysteine broth (Eigelsbach et al., 1951) contained in a 250 ml Erlenmeyer flask, with one ml of a 24 hour broth culture, and incubation with mechanical shaking for 24 hours at 37 C. These cultures were mixed in the proportions of n ml of 38S, to 1 ml of 38N1, n being 0.5, 1.0, and 2.0.
For each sample, two plates of peptone cysteine agar (Snyder et al., 1946) were streaked immediately and incubated at 37 C for 72 to 96 hours. The proportion of each variant was then determined by inspection and counting of colony types using the method of Eigelsbach et al., (1951) . A total of at least 100 colonies was inspected on each plate. For the electrophoretic assay, the mixed broth cultures were diluted 1:30 with triple distilled water. The usual method of centrifuging and resuspending in an appropriate buffer was not possible because centrifuging, even when prolonged, produced a sediment in which the larger 38NS1 cell type was present in higher proportion than in the original suspension. The diluted samples were stored at 5 C until they were used, not more than six hours later. In general, the appropriate dilution factor varies with the electrolytic conductivity of the growth medium used and the cell population of the sample to be investigated. It represents a compromise between the minimum cell concentration suitable for ease and accuracy of visual observation and the maximum conductivity that is compatible with the attainment of the desired electric field strength without excessive heating.
Sample Preparation and Plate Assay in Series 2 For this series P. tularensis variants Schu S3 (smooth) and Schu NS3 (nonsmooth) were used (Eigelsbach et al., 2 For a thorough discussion see Thompson (1942). 1951). Serial cultures were grown in a casein hydrolyzate medium for 12 hr between transfers and incubated on a mechanical shaking device at 37 C. When the cells were grown in this manner, the size of the clumps was limited to 4 or 5 organisms in the nonsmooth culture. The smooth culture contained only single cells. The relative cell populations were estimated by turbidity measurements, and the two variants were mixed to give a series of samples containing from 1 to 20 per cent nonsmooth organisms. Three sets of assay plates were made for each sample: (a) streak plates as in Series 1, (b) plates on which 0.1 ml of a 106 dilution of the suspension to be assayed had been smeared over the surface with a sterile bent glass rod, (c) a "smear" plate using 0.1 ml of a 107 dilution. All plates were incubated at 37 C for 48 to 72 hrs. One hundred colonies (in sets of 50) were inspected on each of three replicate plates of a set. Those inoculated with the 106 dilution produced 1200-2000 small, but for the most part completely discernible, colonies. For the electrophoresis studies the original mixtures were diluted 1:75.
Electrophoresis Apparatus The electrophoresis apparatus used was that described by Hartman, Bateman, and Lauffer (1952) , with the flat electrophoresis chamber oriented in the horizontal plane. This apparatus was easily adapted to the measurement of migration velocities of pathogenic cells. A leveling bulb was connected to the inlet arm of one electrode vessel, and a vacuum bottle, with a large syringe to provide suction, was connected to the other electrode vessel. The suspension was placed in the leveling bulb, which was then plugged with cotton. After the suspension was drawn into the apparatus the vacuum bottle was opened to the air through a separatory funnel plugged with cotton. The apparatus was decontaminated by heating in a water bath at 63 C for 1 hr.
Electrophoretic Technique3
In Series 1 using the variants 38S1, and 38NS1, of P. tularensis preliminary observations on homogeneous cultures of each variant had shown that the mobility distributions were widely separated. Method D3, described in the section on Principles of the Electrophoretic Assay, was used. In the suspending medium employed, the velocity of the smooth cells at the stationary level was close to zero and that of the nonsmooth cells was high. However, it was possible to find a position between the 0.1 level and the ceiling (or the 0.9 level and the floor) of the electrophoresis chamber and a value for the current (between 0.5 and 2.0 ma) such that t/t1 was approximately equal to -1.0. The number of organisms of a given sample counted varied from 200 to 1000 (in sets of 100) depending upon the experimenter's judgment as to the consistency of the data.
I For a general discussion of the technique of the microscope method see Hartman et al (1952) and Moyer (1936a (Snedecor, 1946) indicates that the former variation is not significant 4 Each bacterial cell in a clump was considered separately.
but that the latter is significant at the 1 per cent level5. Therefore it is probable that the accuracy of the plate count method for the assay of heterogeneous populations of P. tularensis strain 38 is dependent on the percentage of variants present. Series 2 The results are presented in table 2. Statistical analysis gave the following information:
(a) Neither the differences between sets of 50 on a given plate nor the differences between the averages for different plates were found to be significant for any of the plating techniques employed. The coefficient of variation (C.V.) was about 22 per cent. The C.V. for the electrophoretic method was 18 per cent, which is significantly lower, at the 5 per cent level, than that for ' That is to say, the probability is one in one hundred that this would occur fortuitously as the result of measurements in which there is no systematic error which varies with F1. the plating method. (b) Considering the 10 sets for which complete data are available, the average value for the percentage of nonsmooth cells obtained from the 107 dilution plates is 20 per cent lower than the average for all techniques employed. The difference is significant (p of 5 per cent). The results of the remaining methods do not differ significantly from each other. The reason for the discrepancy in the case of the 107 dilution plate is not known. However, as the agreement between the electrophoretic data, the streak plate count, and the 106 dilution plate count is excellent, it seems that the electrophoretic method could be substituted for the plating method without loss of accuracy. 
DISCUSSION
The statistical analysis of the data presented leaves little doubt that under the conditions of the test the electrophoretic method of population assay is at least as reliable for the determination of the frequency of certain variants as the plating method involving observation of colony types. However, there are two obvious requisites for the successful substitution of the electrophoretic method:
(A) The variant must have electrophoretic characteristics differing from those of the parent. Judging from our own experience and from the abundant references in the literature, this requirement will probably be met in the case of most colonial variants. However, there is reason to believe that this is not the only type of variation which is associated with a change in cellular surface charge characteristics.
(B) Estimates based on the electrophoretic method involve the total cell population, whereas the plate count method involves viable cells only. Therefore the former may be substituted for the latter only in those cases where almost the entire population is viable. However, this limitation is offset by the fact that it gives an immediate estimate of the state of the cell population in respect to the percentage of variants present. Considering the possible influence of the metabolites of one variant upon the rate of proliferation of the other (Braun, 1947 , Goodlow et al., 1950 , Zamenhof, 1946 , this may represent an important practical advantage for the electrophoretic method.
The electrophoretic method of assay may have diverse applications. It may be useful in following population changes involving the establishment of mutant cells in a liquid culture, at least until the proportion of nonviable cells becomes significant. It may also prove valuable in routine characterization of cultures grown for the production of vaccines, where it is necessary to assure the predominance of highly immunogenic types and where it may be more important to know the properties of the total population than those of the viable population. Finally, it may be useful for the direct identification or characterization of variants present in material isolated from an infection. With existing methods, the possibility of error as a result of population changes occurring during the initial cultivation in vitro is always a disturbing factor.
Although this method was developed for the assay of bacterial populations, it couild be used for the assay of any population containing two (or possibly three) types of microscopic particles which differ in their electrophoretic characteristics.
It slhould be stressed that a population assay by the electrophoretic method is both rapid and simple. A knowledge of the relationship of the electrophoretic velocity and the electroosmotic velocity to the total velocities at different levels in the observation cell is helpful, but suitable conditions for assay can be found empirically in a reasonably short time. The technical difficulties are far less than those involved in making a precise measurement of electrophoretic mobility.
Our work with P. tularensis variants of strains 38 and Schu was done with viable organisms. In a few experiments with several different species, variants which had been killed by heating at 65 C still had mobility distributions which permitted an electrophoretic assay, although these distributions were not necessarily identical with those of the viable cells. This may be useful in attempts to apply the electrophoretic technique to pathogenic organisms. The results of estimates by the electrophoretic method refer to the total rather than to the viable cell population. The method could probably be applied to such problems as: characterization of the cell population and rapid identification of population changes in growing cultures, routine assays on material grown for the production of vaccines, and identification of variants present in primary isolates.
